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ABSTRACT

Packet switching communication networks employ routing
protocols *o determin2 tha2 path +traversel by each packet as
it passes through th2 network. Routing protocols which are
adaptive and can restructure th2 packet paths in response to

iocalized network congestion ar2 called *dyramic®" rou<ing

protocols. Dynamic routing protocols sa23k to optimize +he
reuting (prcevide the shortest path) for each packet in the
network. Routing protocols which are unaffected by +he

addition or deletion o0f ary subset of rnodss are called
"distributed¥ routing protocols. The rela+tive performancs
of *wo distribu<ed, 3iynamic routing protocols is determined
using computer simulations. Tha pro*ocdols are i&plemented

on fcur <theore+tical networks 3ind tested under a rangs of

netwerk *raffic loads.
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I. INTRQUCTION

A. THE PACKET SWITCHING CONCEPT

The purposé of aay communications netwdrk is to provide
paths for the transmission of iaformation. It is desirable
that the process w#hich concrols the transaission and
Teception of messages within th2 network b2 <transparent <o
the user. To achiave this rasult it is required “hat <%he
ccmnuricaticn netwdork impose a tolerable 3slay in the ralay
of messages betwean the origyiaator and the destination.
Fuc*her, +he network should raguire a 1ipimum rumber of
Instructions from th2 originator *o 2accomplish the task.
Idsally, the.originator would be required to provid2 only
“L.& dastination of <the messige to ths nstwork. The
ccmmunications astadrk shouali “hen he capablz cf

transmit

ot

ing messagas %2 th2ir lestinatiocns in as short« 2
~ime as possible.

Tor commanica=idsas na2twatks which serv

[{Y

@mary usa2cs and

have the ca2quirzemen to exchangz large amocunz=s cf da=a, +*he

coac2pt oI "packst switching" may opreovide a asthodl of
operation which will satisfy pboth the spe2d1 of services and
<he <ransparancy raquir2mants >f the user. Ia addi+isn, an

ircreased robustness 2% the Tddrk can b2 r=2alized withou=

S
w
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creating redundant cicuitzy 1if an appropriate routing
algorithm is employel witiin th2 retwork.

The packet switching concspt may be broadly described as
the coordinated movzaent of soacified length data streams
within a communications netws>r< such that the data streanms
always travel the'ieast congsstzd (ie. gquickest) route
between the criginator ani the destination. Packet
switching envisions the breakiown of a m2ssage into fixed

leng~h segments (pack2ts) whizh are transamitted through the

network t5 the destinatison by the "shortas: path" (called

the best path) whic! is known to exist at the ~<ime the
packet is released into the a=2twork. Th2 ianplementatiosn of
<k packst switchiny concept rzsgquires tha* each sta=ion

3
hA

}2-

(rode) in *the rnetwork be capabli2 of procsas n data

w
]

g certa

"
>
.

conczarning the structare 5f =4 <WOo This is nacessary

w

a

w

so <ha* +he <correc« -cuting c221 be &

0]
n

igned +to each packet
as it is rceleased oy *he nolz2 irnto th:z network. This
process can be impl2men+t2d i3 the compu%2r 3s0f4wars which
Wwculd contrecl a nod2's participiazion ia %32 n2twerk. I= is
important %5 =zecd>gaize +*hat ~he rcouzing o¢f JdiZfzcens

messages is no%t iniap2nient °f each otasero, siace (for




introduce ccngestisa (queueing) 3z2lays that migh* be avoided
by distributing the <+traffic osver a variety of available
liaks.

Packet switching techniguss can be used to transmit both
data and digitized voice signals. While th2 transparency of

service 5 the da%<a i1ser is rasslv

1]

d through use of high bit
ra<e transmission systems and storags buffars at each node,
+he rzal time r2quirsment for int=21ligible voice
comnunicaticns may rajuvire th2 establishment of a dedicat=zd
circui+ for each conversation. It may 2l1lso be possible. *o

estazblish a dedicat23 vcice transmission circuit each +<ime

Q

the *ransmi‘ter is "keyei" ra<azr <than maintain a circcuit

rh

or *he duration of the conversation, or =3 always *“r-ansmis
over *he same -oute (called 2 "vir+tual ciccui-=z") andi %o

shaz the <channsl <capacity #ith other messages during

W

in-ers<tices in the coaversation. In this way the aazounz ci
time a par+ticular s=2t of links -2mains dedica4ed zc a single

«ranrsmission is ainini zed.

Se NETWORK PROTOCIOLS
Centril *o +*h=z d)eration 2f any communications ne4work

ins=ractions whiczh dirscts th2 2xchanze of

ot

th

ig *he sst ©

rh

network informa+ion o24weszn n1d5i=zs. Thesaz iastroictions may
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be implemented in hardware or softwace and are referrzd to
as Netvwork Protocols. Th2 informa*ion contained in messages
genera*ed by these protocols is used by the communications
network to implema2nt the roatingy of user message +traffic
within the network. Network Protocols ars commonly divided
intc sevesral hisrarchical zvels according +to their
particular function within ths n2twork. Por instance, the
International Standards Jdrganization adopted a "Raference
Model of Open Systam Intarcona2ction" (ISJ) which consists
of seven layers of protocol. The diiffsrent layers as
described by Tansenbaan [R2f. 1], are; physical layer, data
link layer, network layer, <+c-aasport layer, session layer,
przsentation layer 3ad application 1layer. Heritsch ,in

Reference { 2], addrasses thrz2 lsvels of protocol waich are

of concern in studyiag Dis<ributed Routing Protocols. Five
of these 1layers are incorporatad into +the *hree protocel
levels discussed by Heritsch. The Inzerr=zlation 2f these

levels and layers is oresented in the followiag pac-ag-aphs.

1]

Two layers, *“ae session liyer 231 +he applization laysz, ar
nc: considered sinc2 *hey ar2 159t present in ths +<h2 =est

neTworks used in this stuly.

14
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The lowest levzl of protocsl is called tae Node-to-Node
protocol and consists of thds2 instructions necessarcy +¢o
ascertain and verify that a usable coamunications path
exists between any two adjacant nodes. This level is a
combination of the paysical laysr and the 3ata link lay=r of
the ISO and serves to =stablish +he physical exchange of
daza bDetween nodes. In 3ddi<ion the Nodz <o Node protocol
specifies +he "hanisnhake" ani "acknowledgement™ procasses
which are required whena2ver ma2ssages <=ransit between *wo
neighboring nodes. (The t=2rm "n2ighboring nodss" implies

*hat a direct two way communizcitions path exists between

adjacent nodss. Suzh a path is referred to as a "link".)
I *he «ccaputer soizédare withia +he nods is configu-=24d %o

acrito:r <the +*ransmission 2314 rsceipt of Wode =0 VYode

@D
‘o

prctocol messiages, <h2n *he continuing function of verifying
~ha* a2 usable 1link exists zin be accoaplished without

another form of protocol m2:ssije being =sn+ter<ed into +he

network.

Th2 next level >f protoacdl is *+he J2%wock Managamen=
Prozoceol which ccerresponds dica2z+ly o  =hs aetwork lavzc »of
the 150 and 2xchangyes all <+«ha izformasion nescessary £or the
ncdes =0 meke decizions 2as %> which =Cou%e each @3ssage

15
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originated ky o- relayed by th2 node should “ravel enroute

to its destination. There are savaral diffsrent concepts cf
Network Maragement prot>col. Since if the amount of
Netwerk Management traffic is large thers is 1less residual
capacity in the natwork f£>r the +transmission of |user
generated +traffic, it is =2ssential ¢t»o establish an
unders*anding of +h2 portiosn >f to+al a1etwork capacity
required o implement a given Va2twork Maaagement Prozocol.
This study is concerned aith developing such an
understanding fer the Network Management Protocol proposed

by Heri<isca [Ref. 2].

The <final level of  protiycol is the Us2r Sa2rvice
Prc+ocol. This lav2l is 23uivalent =0 the presszazation
layez c¢f +hne I30. As the pame ZImplises, zhis lev2l is

rh

concerned wixt thz in+tarface between the auser anl <he

o

Ls accoaplished b2y <his

P4

[
Q

conmunica=ions network. 7u

o

~
-

orectoccl level may iaclude =ha2 automa=ic br2akdown o user

1]

messages in“o "rackets", attachiny accountiag nuabers o *

>
-

-
-~

=)

(2]

messages 2n1 releasiny <cr rec2iving messages inzo  3and
~he ne=work. A+ this level, traidacffs madiz between n24wvork
=zansparency and %h: regyuiza2d aser intzraceion with 4he

re~wWwrer are most ipbarent.
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C. DISTRIBUTED R0UTING PROTOCILS

The singular £2ature which distinguishes a packet
switching ccmmunications network from other communicactions
networks is the r2packaging >f user messiges into smaller
fixed 1length ‘“packats", each 2f which can be trszated
separately by <*he natwork. An advantage of using fixed
leng«h packets is that the na2twork can seek to +transmit
pack2ts via rout+tes waich curcaatly hkave *hz fewest number of

packets flowing <hroagh then. Sirce all packa%s ace the

o

same lang*h a simple count of hs number >f packsts waiting
in queue for a spscific link is a measur2 of the delivery

delay a packet travaling thas =:-oute would =2xperisnce. The

[

pack=t switching network a<teapts “o mininize the delay =zine

by rou*ting packets over lings which have the fawest nunmber

of ©vackets active within <han:,. I+t is Jesirable %5 use

[ X

Distributed Rou+ing ?rotocols in packet switching n=z<works

to éecide which rou+3s arz shyrtast.

w

Distributed Routing Pro:ogisls are sets of Iastructions

utilized Dby +the n2twork %> is+eraine 52 +h2 basis of

infczmation exchaag2i with its neighbors which pa+<h =2ach
packet shouid <+«3k= €£from i3 originatipg ncde *5 i:=s
destination aode. diszribut2i Routing Prozocols aay be

ei=-hrer syachroncus or asyachkooaocus ia desiga.

17
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Synchronous Distributed Routing Protocols cause all
nodes within the network to changye ~their rou+«ing
instructions simultazeously aad at periodic inzecvals.
Asyrnchronous Distributed R0ou*ing Protocols permit the nodes
to adopt new routing instructions independizntly whenever the
node finds a path £5 the destiiation node which is shorter

thar the pa*h it had previously besen using.

§e

This stuiy examiaes tha Disstributed Rousing Protocol
proposed by Heritsch, [Ref. 2], determining its performance
ir both “he synchronous and asyachronous £orms and comparing
its performance o0 the centralized routing protocol based
upor the Djikstra shortest distance algoritha [Ref. 3]. The
prcocols are examii=2d usiny 3 computer simula+ion which

uses savaral Jiffarcant netwdrkz and sa2veral levels of
network message loading %o proviis an indication of protocol

perfermance under a variecy of zonditions.

13
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II. A NAVAL ARRLICATION

The ccacept of packsat switching offers several
advantages to users who requirs high data rate transmission
capability and a robust communications network through which
large volumes of message traffis must pass. In particular
the requirements o>f the Navy Tactical Data System (NTDS)
migkt in the futur2 be met utilizing a packet switching
ne:twork.

NTDS is a comput2r based tactical information display

ard decision system . NTDS information is 2xchanged between

t-h

1

({H]

units of the 2t via 13 radio <frequency digital

conmunications ne<work. (Tha ta2rm "fleet"®™ is used hzre in
its broadest sensz 23121d 1nay include such diverse units as
ships , all types of aircraft and troops ashore.) In its

przsent form, the ¥TDS u+tiliz2s 3 centralized comaunicaiions

Ww

network with a a2¢ control sta+ion (master node)
cocrdinating the exchangs of information bhetween uni=s of
“he flset. Participating Zl22t units (nades) which have

direc* links with ths origira<iag node (is. are withia radio

a1

réception range) ca2ceive th2 transmitted message. Yodes

which ar2 beyond th2 radioc <ransmission cange amus“% -ely on

rerransmission o9& *the iaforma<ion by 23 node whizh is
16
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§

; directly linked *o0 a sending noi:z. Nodes which retransmit

3 messages may be thought of as sub 1level master nodes and

4 their loss may dsprive 3utlyiﬁg nodes of information and

!

E direction.

F In contrast, ¢th2 packat switching concept offars a

[ distributed communications natvork £ suppors the

: information and cosrdination <rcaquirements cf a widely

{

i dispersed fleet*, By amploying a Distributed Routing

E Protocol, a packat switching a2twork can achieve incrszased

r nezwork robus%ness by dacentralizing <th= contrcl of <the
network and sseking to> optimize the rouziang of each message
sn+ered intc the nstwork. An NTDS par+<icipant would =anter

informa=inon Into <h2 communization netwd>rk addressed +to

other NTDS participants as r=2guired. Upon eér*cy +he
infcrma+ion would pe rceformatted ints> ‘"packets” andé
traeansmit+ed along ths best path <to the 1=2s+ina%ticn nodes.

Since 311l nodes ar2 zonstantly "upda<ing” their status and
*he sta*tus of <heir connac*iag links *“o sther nrnodes in the
neswork, ~he Dpes< path betwWw2en any :two nodas can be

-

autcnonousiyv and continuously 3i2ctesrmined oy =ach individual

node using <he rnetwork's Jistriou*+sd Rouziagy Prcrocol. The

. loss 0f nodes or dsjyradation 94 links wizhin +the na*work

| TSN st i - - *»“““J
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becomes known to all aodes and bast paths tan be reevaluated
such that the network can contianue +to pass messages as long
as possible. This feature of 3 packet switching network
derives not from +%h2 physical addition of links between
nodes but froa consilaring of 2ll nodes ani links within +he
ne<work as poten%+i2l transaissis>n paths *5 any o+ther nod=z in
the network.

An Important r2salt of th=2 packet switching concept is
its abili*y to automatically r2lay messagss <o nodes whick
are beyond the radio rec2ption range of the sending node.
Since the sending nod2 provides th=2 destination addresses at

the time of message transmission, “he natwork can assume

rasponsibility for dslivery of *he messagz za+her <+han <+he

cervan=ional nethoi of Dbroilcas+ing E message and
maintainin the r2zeiving addes within direc: radio
receptior range. This capabiliity would aliow widely

dispersed nodes t3 21joy +ths iazformaticn and coordianz=icn
advantages Of the NIDS without <hk2 burien o5f addictional
sadio cirzuiss. Ajiitionaliy, “he packet switching concspe
is adaptablie <o a variety »>f Anti-Jan (ad) api Low
Prortability 9f Intarz2pt (LPI) communications schemes which

ar= under s+*udy or 3i=2velopment b5y <he Departmern= oI Dei=2nse.

10
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In particular, ©packa2t switching is ideally suited f£5r use
vith several spread spectrum coamurication schenmes.
Conceptually, the most difficult problem.to be overcome
in the deployment of packet switching netwarks afloa+t is the
mutual interferencs which two nolss transmitting
simultaneously in th2 same f-2312ncy band aight cause 2t the

receiving ncde. This difficulty could be overcome using a

“carrier semse™ or a1 "listen be2fore transmit" approach in

the transmitter/receiver design and employing a signalling
scheme which permits the rec2ivzr to "lock up"™ on *he first
signal received to the exclusicn of all other signals.
Conceivably, ‘units could operate at slightly diffsrent
cacrier frequencizs and the rzaceivers wcald a;tomati:ally
shift their intermediate frequency sections +o "leock up"™ cn

the sending unitts carrier. %utual interference eofrfects can

5f£ wide-band psuedo-noilse

un
({1

also be amelioratel by u

transmissions using aacorrelatel keystreanms.

I+ is with *he possibility in nind, +that the packe+*
switching concept couid imprcve tha usabilizty and
survivabili+y of NTD5, <hat “his study was under“aken. To
+his end a set 0f g2neralizzi nactwork <=dornfigura%ions ware

developed so *hat sevaral perfornance charcactaristics = zhe

~
to

.. _1
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packet switching con-ant coull be determinz3d. The specifics

of the networks ar2 J>utlined in Chapter III.

M Gunases~asses
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III. PARAMETERS OF A RAZKET SWITCHING NETWORK

A. QUANTIFYING PROTICOL PERFORMANCE

Critical to iet=armining tha2

relative performance of

different <routing protocols oSpsrating within a packet

switching network, is the 3sta2rmination of an expression

(nathematical or otharwiss) which provides ar unbiased arnd

mearingful basis for comparison.

In this study the avarage

delay time in delivaring a packat (Tp ) is used as one

measurement of protozol perforanance. Another measurs of

performance used is the atiliza*ion facter of <he

network (p). A mathematic
ir+er-relation of thase tarms,
is pressnted in Appeniix 1A,

Th

A1

average times delay p=2r
advar*age of celating network =9
in *erms of delay time, shiz
mear.ingful sta*istic to the n2:wd
fac=-or provides a amesasure ci %taz

i

[{}]

“he network which is rsquizs
(packets) or netw>rk managemsznt
specified network ani +raffic loa

of <hese neasurss ars aff22

24

al deriva*ion of the

bassd upoa queueing thaory,

packez, (Te) has <the

Lgestion t2 na+twork lsading

~

' i3 ultizma+tely +the @most

m

rtk users. The utilizz-=ion

”
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parameters of the network. For instance the processing tinme

within a ncde for a packet adis delay time to the packet
which is propertional only to th2 number 5f nodes traversed
by the message rout2, hencs 1independent of the routing
prctocol in use. On the other hand, if a packet must wait
irn a gqueue for an update to b2 transmitted on a 1link *hen

the incurred delay 1is of int:rsst because it rTepressants

.Ja

ntzerfarence by natwork managamen+ traffic wixh +he
transmission of user message traffic. A discussion 5f the
various ne+work parameters and <heir impact on +the
comparison measures, averag2 1=21ay per packet and update

utilization factor, is przsent2] in the naxt section.

B. NETWORK CONFIGURAT IONS

In order to epsare that th2 performance ameasurss "Tp "
and "p" o5btained Zrom the sinulaticn of <the network are
accurate, it is nacessary %> det=zrminz which nphvsical

chartacteris<ics ©of the ne+work effect the measurss of

prctocol performance. By fixing these <characzeristics as
ccns+ants for all +£212 necworks ander considjersz<iorn, it is
possible %o obtaia measurss of perforaarnc which are
represanta<ive ¢f th:s orotocol's performance in networcks of

=

1

93]
[oN

cading corndiziorns. The

-

vasvying compiexi«y 2nd <cwraific

25
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vhich ware

network characteristizs

and the values assijaied to thsn are listed in Table 1T and
ar2 discussed in the paragraphs that follow.
TABLE I
Significaa+t Network Charac+eristics
Paramperer Vazug
packet transmission time for any link 0.05 s2c.
packet frocessinjy tim2 in 221y node 0.0001 sec.
updats transaission “ime £5: any nods 0.02 s=2c.
update processiay tims In aay ncde 0.0G001 sec.
update cycle tim2 0.2 =2z,
update chanrel vilue zalculation window 0.5 s=z.
number c¢f nodes in +%h:z n=2twark variahle
number cf links 11 %h2 netwdrk varizola
average number of pack=2ts par 1s2r message variabls
average number o5f user m2ssijes per s=a2c. variahle
simela=ion =un *iae 30 sec.

Th2 packet <ransmission zimz is relat2d Lo +ths leng=in of
=ne pack2t and +<hs 1a*a transnission capacsizy of =h2 link
over wanlch 1% Iz to zravel. P53z this staiy oniv =wo types
of messagas (upda+tzs and 1ser wuzssages) arz2 allcwsé o zaser
<ne links. User messages azz zublivided into packe=-s which
ar: Zixed In size 3 b2 2,5 ®im2s lonjsr =<han 210 1oia=a

[ 9]
U

deemel to be significant
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message. In this way th2 length
small compared to th2 length »>f
appears reasonabls in view o0f
infecrmation content in 2an update

rela*ive leng*h of *h2 *hk2 upiatas

performance of the distributz4

compu*ing channel values which are

“his chapterz. The time of J.125

transmission time of a packet,

leng+th 0f 830 bits transmit+tagd

sver a link

of an upiate is mada to be

the packet. This action

the significantly smaller
versus a packet. The
is 2l1ls> important =2 +he
routing algorithm whan
discuss=23d in section C of
seconds selzcted £f2r the
is equivalent to a2 packe+*

with a capaci+

of 156,000 bits per s2:cond. Alta2rnatively, it equates ¢ a
120 bi+ 9opacket +ransai«tad ovs:- 2 1link 4ith a capacity of
2,400 bits pve:r seconl.

The time requirel to procsss a packes within a node was
arpi=zarly chosen %5 be 0.3)01 second and the procassing
<ime fcr an updat2 #3s set o2 be one ==zath of <he packat
proc2ssing <ine. P’his assigni2n= alsec appearss reasonable
sizc2 i1a rprocessiay a pacx:zt zach nol2 amust readl <he
ccaplez2 3ddrzss s2c-lon 2f 23c1 zackez t> demermins 2nwazd

cach packet waich is re*zansmi=-2i
upda<e a2ssage  con-airns sSrly a2 ¢
27
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irformation which is 2ithar dissarded or stor=d and r=layed
as required.

The update cyclas +time r2oresents <tne frequency with
which *he network establishes 2 new best path for routing
packets. An asyncaronously »Jperating protocol does not
impiement best npaths simultanecusly throughou+ the natwork
but rather <each node implaments a new p2s%t path immedia+tely
upcn determining that a new best path exists, However, 1f a
distribut2d rou+ing 2lgorithm is Zimplemented synchronsuslf,
it s nscessary for %“he update message t2 have reached all

~he destinations befare a new ro2u*ing schame is 2s%aplished

in the natwork. A1 updat2 <cycle consiszts of two 2qual
ileng=h “ime pericds. During th: firs+t periosd ncdes genecate

the —equired update messagss, wiich r=c2ive <“ransmissicnhn
riori<y over packets. Duriagy the s=2cond pariod nodes
receive and r2iay upiate messajyss as required. Nodes are

Testricted Irom gernerating updat2 nessages duzing “hs s=cord
half o +“he updates zycle ia ordz: =0 allsw the updatss =c

suffus= +=hroughout tae Qns+twork. TZ <hs= ncdes werz2 an

"
1
(%))
]
[oR
Y]
3]
W
~
'R
=9
=
=]
[}
th

averags c¢f 16.4 kilom2+%ezs (1) mil=s) apa

£

5

B

alays w2re ra2quice €50 2ach updacs rtc c=zach *he

jes<ina*icn ncde nost disnanst fcom i<, =aen th2 @maximum *inme

[§¥]
(8 o)
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tequired for an

computed as

upda te

t0o reach

its dasstination can be

“ime required = travel tima ¢ processing time

3 % 10%%5 km / sac

+ transmissiosn time

which becomes
_ 15.4 knm
* =
or

%
0]

.025 sec.

vell

which is

thls T

1]

are close (in el
prcpogation time

Tequizel <0 procass
arn update cycle

ccerniigurations useid
represan=itive
~erngd*hs arndm»r a

upda

wi<hin the

ation o

.
Y
- D

in

jr2a%er

insignificzant compared <=o

compiax ity of

X ecoecamcacne cwecevacs

sult Zmpiia2s tha*t for

siynal travel

impasz~iag oa %a2

+ 5

available 9.1

aopli

* 0.00001 +« 5 %= 0,002

se3o5nds. Yota <hat

cations whare the nodes
“ime) then the
<~he <=inxe

updats :through a adde. By choosi:n
me of J.2 second the n2tvworck
“he sinulatien could Dde consiiared
cf real world nstwozsks whicn have lcngerz link
~umbes 5f zelavs rceguired Ior <=he
t2 @messaga.
th2 n2twork which has <he nos:




—

.""’."'!'1,,.

Routing Protocol, ani it is tharefore important to consider

how the topology of the natwork interacts with the pro*ocol.
The number of nodes in a n2twork determines *the numberz of
update messages which must be jererated during each update
cycle, which “ranslites int> an increasiag requirement for
network capacity to pass updatas as th2 number 2f nodes
increaases. This results in l25s network capacity available

number of links

w

for =he *ransmission >f user messages. Th
in a network is also important since it determines the
capacity of the network both for message and update “raf fic.

Traffic loadingy is anothsr natwork parameter which 1may
affect ~“he perforaance of a Dis“ributed Routing Pro=ocol.
For a packet swi<ching network the <=raffic 1loadirg is
corntzollei by +hrse factors, -he number 5f user messagas

ertering the network per wunit time and the length of the

s ]

tcibutisan cf <the origina+tor andé

1]

mressages arnd ths 311
destination addresses of 2ach 12ssage. 3ince massages are
deccmposei irto fixel langth packets, =his last <£ac*o: is
~he same as the pumbar orf packzts in 3 ussr message,

Tn a real worlil network =2ach of <h2se paraasters is
random and i# is coaaor Iin  j1eueing +<hsorv *o0 assiga 2

dis+*ribution 20 =<he <{requency wWwith whizh @nessag=as arce

30
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entered into the n2twork ani *the number of packets in%o
which 31 message is jecomposai inp terms o9f a probability
dis*ribution. It is often issumed that generation of
messages into a netwdrk can be rapresented by an exponenctial
distribution and that the number 5f packets in a messags can
be reprzsented as a1 11iform istribution. Two mean vzlues
of packet distribution were us2i in this study (5.5 anad 10.5
packets per messag2) so tha*t <42 effects, 1if any, »>f the
leng*h of the messajes on thz 22rformance of the protocols

couid be determined.

u
)

inal <factor waich may 2f£f2ct the performance of a

Dis<ribuzed Routing Protocol is the simulation run tima, 1If

=he compl2te ne+work is considsrzd to Dbz 2 system 2and the

h

irs*t message into taz sys=em is viewed as an impulse inpus
in=zo the system <than it is <clsar +hat the systea will
uniergo some perisl of transition between <the doraant
conédition (ie. nd iapu+s) a2d 2+s equilibrium spera<ing
st ate. The Zeng=h o0f <his transi=isn phase <an be

determinad mathematizally Zor ta2 orobabalistic casa2 »of 32

ccmmunications network only wiza 1if€ficulry. owevar, by
observing +he r=zsults >f£ <th2 ne=work simulation 3zfza>

e

several diffa2rent sinulation =-an *ipaes it was de+<=zTnine
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that a run time of 3) seconds allowed ths transition phase

to be completed and provided a period of steady sztate
operation long end>ugh s> *hat meaningful data could be
taken.

A total of four a12tworks war2 generatad for use in <his
study. A diagram of 2ach network is provilizd in Appendix B.
The number c¢f nodes ia eacth n2twork varied betweer 5 and 20
and the number of liiks variad between 10 and 40. To resduce

distor+ion c¢f the simulation ra2sults whizch couid be caused

by diffar=nt ne*work topologias, a base network ¢f 5 nodes
ard 10 links was adopted. By 2xpanding th2 base netwdrk in
a2 consistent mannarc, valid comparissns be+tween the

perficrmance 9 a pr>tocol and aetwork complexis could be

rawn. More compli2x n2tworks w=2re crsa<zl by expanding <he

Eas

Iink/node s+truc+urz >f <he basz na2twork. The <chkosen base
ne-work is illustrat2d in Figurz2 3.1 and consists 0of five
nodes ard “an links.

To provide a =onvenisesnt m=s=-hed of refersncing =he
networks =-he nota+ion "S/19" has been =zdoo<2d T2 dens==2 a S

aQcde and 10 link rne=work. Th2 5/10 ne=work wa2s <expanizi in

“c 2 10720 ne<work oy adding 2an addi<ional 5 ncdes 1221 10

-

lirks. Sinilariy, 31 15/30 an3 20,40 rz+work wers lacived.
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Pig. 3.1. The 5710 Network.

Note +*hat each succz2diny n2twork contaias

ne*work.

C. CHANNTL VALUES

As Isscribed i1 s2c*ison 3 2f£ <his chapte

values ("link distances" in somn=2 literaturs)
juria the updata «#indow <im2 3and «reprase

demand for 2ink's sarvices as

the precesding

Te

nx

2

-

<he channel

are computed

ct

tTae curcer

celay pazh.

The charnel value 2155 reopresan:s a prediction cof +the 4z mand

or a pacs+ticular 1liank during =a:z

[
=
o
O
O
=
..a.
nd
w

usirg “hese charna2l valuss it i3

pa=h Detween any twd

cumula=ive channel vilue (ie., <212 bes* pa:i
updz+e cycle). I= iz <“he2 Efanceion =zf <«

33
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routing protocol to generate, transmit and evaluate the
channel values and establish best paths within the network.
fo accomplish this task th2 protocol generates update
messages which cortaia chkanmpel value inforazation. The 2xact
con*ent, maethod of r=lay ard m2thod of evaluating the update
message is unique to 2ach proto:zol.

The method of gzaerating chanrel valaues £for bo+th the
Heri«sch and Djikstra algorithas as impl2mented in this

study is identical, and a compl2te descripzion can be found

w

ir Yeritsch [Ref. 2]. In short, th chanre value
Tspresents +the average numbar of packets waiting in <the
queue to pe transmitted over thz2 link during the precszding

J.5 second of simulation tim=.
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A. THE HERITSCH ALGORITHM
Heritsch propos23d 1in

Rcuting Prctocol which seeks to minimize the number

Refarsnce (2], a Distributed

of

updat2 messages rejuired t> be circulated +througout a

re=work during a single update cycle.
the Heritsch algorizhm containr *hree items of informat
the node which Jjust relayed thz update,
and ths

originated the upiats

ived the update To +h2

m

from *he ncde which Jjust rec

which originated thz update, through *he node which ral
the update. Thus 2ach node rez2:iving an update can conm
~he cummulative chani2l value zhrough *the relaying rod

+he cummulative channzl valus 2f +*he path over which i

curren=ly passing paczkets to the ncde which originated

t

if “he new channel valua in *he nos:

h

recen* up
is 1sss, 2 new bast path to th2 node which originat=ad
uapde*e is adopted zhrough the n>i2 which -slayed the upnd
IL azny avent, th2 15de which just receivsed the upda<s
genera*2s an 1updacs nessige %> all of i<z neighboz
(less <=he node whict

)y ard informs 211 =he a:zighbering ncdes co¢f zhs

p-4

A

zelayel +hes updazz2 that startzd

Updats messages in

ion:

t+he rode which

cummulazive channel value

node

-~ is

<he

!

1

Te

th

[{}]

a+a
[ ]

nov
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' cunmulative channel value. Thase nodes 1in turn repeat the
:( process of evalutiny the information contaiped in the
y update, establishing nev bast paths if ~he nminimum
;: cummulative chanrel value chaagyss.
t! If no new best pa+th is adopted and the <channel value

through the current best path has not changed, +hs rnode

t

discards +the update without —rc=2laying ths information iz
i containad. Since nd>ies which are Mupstrzam" from the node
which received the update do 1ot change their bes< pa<hs
& unless <*the bes* path "downstrzam" changes, *heres is rno
reason to relay <¢hs update Zfur+her <hrough the network.
iote that ever if a new best 2a~h is a0t adopted bu:z the
charael wvalue chang=zs over thz currenzt bes:t path, “his
irformation mus* be relayed "upstream" siace 2t may affsct
ﬁ! the Dbest path dscisions of ‘"gpstream" aodes. What is

significant Is that the algori<hm purg=ss update 1essages

frcm the ne*work at the £irsc opportuniiy and thus celsases

v r—r

¢ charrel capacity t5> the nexwdrck Zor “he relay of packe=s.

19 ]
[9]
o

The disadvantaga of the algorithm Is that it do=ss

guarantee ortimum rouzing for z3:ch packet relzased iats +he

" ne<work. I+ s pd>3sible £or a packet =0 locp <=hrough
several nodes beiore b2ing deliverei o i*s final

K

| 35




destination. This looping is ¢he result of a packet
following a best path which is changed wmore than once during
the +ransit of the packet through the network.

The basic algorithm as stated above is substantially
idertical to <the routing procelure originally used in the
ARPANET. The major innovation proposed by Heri%sch is that
the number of updatz messagas r=2quired in a given n=atwork
could be reduced if the network was subdivided 3into nodal
colonies which are called groups and families. A group can
be defined as a collection of nodes and a family is a
collec<ion c¢f groups. By tr=ating *he groups and families

of nodes as "supar nodes" it may be possiblas o

1
2

signrificantly Teduce the numbar of update nmessages IL=zgquic
<o implzment <he protscol. Tais reductisn Is accomplished
by res<ric+ing the propagation 5 <+the update messags %> the
basic group o9f *he no>le which dcijina“tes the updazse. VYodes
which are «connected to othar 3Jroups or families originate
upda+es which reflect +hs cumaulative channel values from
that node Irnto *=he aszighboring fam.ly or group. The T=2sult
is *ha- all nodes 4#ithin a basiz group can datermine +he
best path o any oth2s group o5r family and ace not Tequized

=0 de*ermine best paths ¢ all other nodes In the network.

17
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Thus a packet generated in one group would travel the best
path *o the destination group and ornce2 it reachs <the
destination group rec2ive onwarid routing to the destination
node.

The Heritsch algorithm 1aay be inmplemented 2aither
syrchronously or asynchronously in a packet switching
netwerk. Since the algori:thm allows each nods +o
au-onomously determianae new bsst paths i%t is possible +o
impiament new best path; wh=2asver an update is recsived
rather “han adopting best paths in synchronism with all +he
other nodes in +h2 a1:ztwork. The only constraints <+ the

be restrained

=’

algeorithm are *hat update messige g2neratin
tc & £ixed <ime intarval so *taat update messages are abla to
reach +*heir M"final" destinations befsc2 a  new upda*e
genera+=ion cycle starts.

A comparison 2f <the 2a2l3ori+hm's pexfcrmance when
iaplementad both synchroncusly and asynch-onously in

iéen=ical networks was accoamplished as part of <his study.
P P 7

ih
rn
W
g}

¥No sigaificant 4i enz2 w#as found > exist Ia <ha

rerfecrmaace of *he pro*ccsl undac zhe *wo implamesrn<zions,

44
r
»
n

From the viewvdint of 212TWOTKk <TOpus=ness,

jesizable o Zimpl2aenc =hz algori+ha asynchrzonously.

Lad
(V4]
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However, for purposes of coaparison with the Djikstra
algorithm, (which <an only be implement2d syrnchrorously),
the Heritsch algoritha was rKastricted to the its synchronous

implementat ion.

B. THE DJIKSTRA ALGORITHHY

The algcrithm proposad by E. Djiks“ra in Refersncz (3]
is used in *he currant ARPANED? crTouting protocol, which
Tequires +that each 10ds within +the netwasck =rceceive +he

charnel value for zach link in “he network befors a new best

w

pazh is dstarmiped. Th2 prdtoccl causses =2ach nods <o
genera*e an upda*e which con+ains the chanazl value froa *he
originating node £ty each 55 the 5tiginatiag =noda's
neigabors. The daza Is <forwzrded =o =2ach 2aode in <+he
retwork ard =2ach nols entzrs ths received channel values
irto a matzix which is manipulat23d inp such 3 way tha< 2 best
path is prcduced f£ro>n cach nodz 4o each other node in the
nNe“work. The Djikstrz algorithm wmay also be zdaptad *o
tilize the group anil family schsme oroprsed by Heritsch.
Ar examination of <h2 Djikstra algori+hm's perfocmance uasing
a group andsor fanily configurzd network #was not conducted

as a par<t 2¢ <his staiy.

39




The significant Jiffsrences between the two protocols
are the number of uplate messagas required to implement =ach
protocol and +the "juality® »>f the best pa*h which is
determined by each algorithn. The Djikstra algorithm
provides an optimua Juasi-static best path far each packet
released in*o the n=%twork. That is to say, each n3i= ir

21T routes the m2ssage to thz next relay node along the

best path in accoriance with th:s Djiks“ra algoci<hm whizh is
guaran+223 +o produc2 a minimum distance rdoute. Siamilarly,
] in *he Heritsch algorithm each packest is addressed &5 the
next node along its 2stimated o52st path, bu: there is no
guaran*<ee that <his 2sitmatsd path is indeed *he optimunm
path. With regard td> the numbzr 5¢ updat2 nessages reguirsd
by each algori+ha, 2% €irst 3laace It would appear %tha: the
‘! Djiks“ca ne=work reguires an iaordinaze amount of n2-work

capacity “o pass updizes through the network. The situa<ion

i no% *his bad howsvar, sinzz upda<e messages which would
K
f t-avel along the sam2 best path %0 <heir dszstinazion zan be
combined <o reducz2 ‘the <o5<al number 3I update 12335a3ges
X
f‘ Teguired.
1 The matois niripuiatioy =ca23uited by the Dijilkstra
algozi-hm to je*ermin2 <hz best d3+thxs is z2zcompliished in zhe
1
(
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following manner. If the 5/7 a2twork illustrated in Pigure

4.1 1is considered 15 an =2xampl2 then <che channel values
between adjoining nodss may be represented by th= symbols 7>
or <5, where <the arrowhsad indicates the direction of the
charnel value and the number iniicates sons relative measure
of +he channel valu2s as thay might appear at <he start of

any update cycle.

Fig. 4.1. A 5/7 Network

From =his netwerk +th2 mac:zix in Figure 4.2 Is cernsctriuctead.
No=-e =ka< ncdes waizca

2

cr

ds
sV}
ot
!
(=l
)]
1]
cf
o
"
ot
(V)
th
14
<
W
L]
-
(@]
-
Q
'-
«
fv
n
o
oY)
«
. .
15

iritially cepresen
an Infini+a channel value betwszn “hem.

3eginning with a32ie A, obssrvz tha< a iicect liak =2xists

th

ot
(]
o1
Q
~-0
[ty
ti

wi=h n:-de 3 and %ha< = he channszi valuiue Zzz2a ncdz A
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Pigure 4.2. 1Initial Channel Value Matrix Por The Djikstra

Algoritha.
"4
is U4 (the nota*tion A/B/4 will be used as a convenient
description of the path and its channel value). Nex*t zvary
-
p
gc other pa*th ia <hes netdork from node A %0 node 3 is
: censidered in  <urn t> dsteramias if 2 cuamulative <channel
:
4
1 value lass than 4 caa bz fonni. First the A/C/os + Z/B/3
'! pa=h is considered which r=2prassnts a path £from node A
{ thzcugh node T to noi= B. Tl2azly <he rasul% of <his pach,
{ a/C/3/0 , 1is greactsz <han thz A/3/8 path 2rd so a na2w best
]
pa<h =hrough node - is rejec=za4. Next ths A/D/Z + DJ/BAo =
A/D/3/oc Da=h is corsidersd 3123 1lso rejected as a naw best
¢ pa-na. finally, tre path Aa/%/1 + Z/8/2 = A/E/B/3  is
ccnsidered and zdoptsd as ths t:zn<ative a2w  Dbest path fronm
4
! ncde 3 <42 node B siace <+he razsultant  Zuamulative channsl
[. value ¢f 3 is less =ain th= orzvicus valaa 27 4,
4
!
! 42
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Similarly the channel

node ars cofsider2d and tentative best

When all paths betwa22n nodes
and tentative best paths established (ie.

through completely on2 time) th2 entire

un=il 2 run through the ma+trix

tentative best path adopted. dhen

pa+hks within <+he matrix ace

nodes of “he network for th2 juration

cycle

To

Fm A B

valu2s from nol= B

sf the network

is complated
<his

ajispted simultanecusly

+o each ozher
paths established.
are evaluated

<he ma%*rix is run
process is cepsat+ed
with no new
occurs “he hest
by all

5 +h2 nex%t update

and represent the optimum paths betw22sn ncdes.

[©]
:___._
N}
-
>
[

Fig. 4.3. The Compl2t2d Best Path Matrix
The final -esult of *h2 1n2acrix @manipulation f2-  =<hs
upda“e cycle consiiarzd ia zhis sxample is shown in Figucs

4. 3.
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V. SIMILATION OF IH

[o]
[[gs]

ROTOCILS

A. PROGRAMMING SCHZME

The simulation programs wus23 in the study were wri
in the SIMSCRIPT II.5> ©prograaming language [Ref. 4].
lanquage prcvides a1 exc2llzsnt vehicle for simulation
irn which many events may occar almost simultansously.
addition, <*he ability %+o contzal the flow of “he sinmula
by u+tilizing a languaje g2nerat23 simula+ion clock, prov
the user with a means of obtaiaing data £com +the simula
at various times without r23ard for —the =evants b
processed.

Three simulation prograas were

prcgram presented by deritsch Ia1 R

o
th
D
s}
[}
o]
O
({1}
~
N
—
[ ]
+3
=2
(1
ot

orograms are 1isted 1%t <he <n0d 5f this scudy and ceors

an asynchronous implzaentation >f the Heritsch algoritha

synchzonous iImplemznta*ion of :hz Heritsch algorizhm a:

synchronous Implemsnt2tion of %212 Djikstra algoT-i+hm,
orogran iisitng €£>r the syncarocous impl2mentation of
deri«sch algorizhm Is oporoviiai in Appendix C.
simula-ion is constructed in a@niulaes which correspend <2

differ=nt func=ions whi:z “h2 ne<work ard =he =-ou

1 h

protocol miust pecfara. ?5r  =zxampl=2, 2ach  siaul:

44
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ccntains individual subroutinas for *he genera*tion of
updates, arrival »f packets within a node and the
computation of channsl values. A listing orf all «he arrays
used within the programs is proviied in Appendix D to assist
in tracing the functional composition of thes progranms. The
varameters of the nstwork undar consideration are extsrnally
inputr in*c the simalation as a3 1a“a set which is read by <che
scurce cocde during the 2xecution of <+h2 simulation, A
sample of an input data s2¢ is listed in Appendix E.

Tha rzsults of +<hs2 simulatisns can be output in saveral

formats, The most 2xtensive output available is 2 complete’

listing of avery av=sat oczuriay Jduring th2 simulation, I
is possibie to Zimit the sutputr +o only the desired 3ata by
specifying the desiced resulecs in <ha "Special Ouspuz®

subroutine of each orogram, a2 simulation programs also

ih

eatur= the ability to make =21y number 5f simulaztion runs

duriag a singls job

=]
W
r
LY
L}
(7]

with various input para

submission. Iz additiorn, thz r2sults of ths siaulatisn can

ot

be divert=d ither mass s=morage periphzral dcvices or <+he

{1}

o)

]

nczmal printer output or both. A sanpl2 of <=k Ju-<put

1))

format used £5r- +his stnudy is pcovided in Appendix E.

15
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The implementatison of tha

identical in a2ll the simulatios

the network is "configured"

packet queue and an updat

constructed for +he input si

required to give priosrity =ro

over packets as wduld be regu

Update messages are Jj2nerated

+he update cycle. The pre:z

generates its upiat2 @m2ssay

rh

(X3

thrcughout <tae s« haif >

nessages are gerneratad

distri

which are exponentialily

and dzstination noi2 of the

in +he wm=ssaqge ar

w

packe+s
dis<ributed random variabiles.

user aessage caa be const
jcoup and/
darcsntage

destined for otner groups ani/s

4

packet switching network is

n pragrams. Each link within

t> have two input queues (a

2 Jueuej. No queues are

d2 2f each node. Nodes ars

thz transmission of wupdates

ic2d in a r=23l world network.

o1ly duriangy the first half of

ise2 which each node

time at

2 is distributed

uniformly

f <+the updatz2 cycle. User

time in<«=2rvals

network at

bited. Th2 origira*ing node

msssage and +«he numb2r of

ie<erminei using uniformly

The destination node <¢f a

rained to> be cutside =he

5r family in oc-ler =9 =nsure

2f <he us2c m2ssages are

Cm i3
~abl.les.

orC
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B. ARTIFICIALITIZS J)f THE SIMULATION PROGKAM

Several artificialities ware introduced into the
simulation programs in order t> reduce computer run tims and
prcgram compiexity. The most significant of these is the
assumption <*hat each 1ode has 1 processor dedicated to =ach

link entering the noie. This implies that the node can

n

simultanecusly receive and process inputs on all o its
links. While the =capability of ©parallel processiny is
desirable 3in a pack2t switching network, it Is ot a
requicement and nay be c2placed by employing 2

ver-lock-up"” node dasign,

'J

"listen-bsfore-“ransait" and "cacs
in which each acde can communica%s with only one other node
at & *ime. In eithar cise <hs maximum *hroughpu* of any
node is considereéd t> be detarained by *th2 cutpu* capaci*

of +he node and not its iaput cio93acity. Thus “he absencs of

irput queues Irn th2 simula%ion is consider=2d reasconabla.

(B
ot
4
D
3
D
«r
=
o}
"
o~

The simulation 1l1so doss not «cocnsils

capaci*y which is z2quirsd ¢9 implement *+the Nodes <2 Voie

prceocol, which is wvi<al t5 the =~speration o a vpacke=

3wi+tching network. The capaczity zequized tc cazzy *hs Noée

+*0 Yode oprotocol n2ssagss 15 r=zlativaly Iasigrificant

comparad e} tha= regquic=4 Zor upiats arnd packe<
17
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trarnsmissions. Sinc2 *his stuly is concerned only with the
performance 9f <ths routing protscol, +the network capacity

required by the Node to Node Protocol is disregarded.

C. LIMITATIONS OF THE SIMULATION PROGRAM

The detailed r2sults of the simulations iz pend
substantially on +h2 "seed" numbers which are us=231 +*o
initialize th2 randon number strz2ams generated internal %o
the SIMSCRIPT language. Since the random number streams are
used to determine %th2 origiration node, destination node,
+inme 0of message origination 1al the number of packets in a
message, +he simulation will ©provide s>mewha* diffsrent
results for +the sam2 input parameters if Jifferent "sced"
numbers are used. The variapilicy of a parzicular r=sult

frcm +he average rzsul+ computsl from several difierent runs

Fh
Hh
W
3]
1]
ja)
4 "

’l.

of =he =simulation using th=2 szme inputs but d

(o7
({1}
"
O
~
w

"seeis", was empirizally detzrnined *o be op *ho or
vercen= ¢f -he averajy2 result. Thus, althsugh “he graphicail
resul*s 29I <he sinulations (Appendix F) appea:r <2 bhe

jiscon*inuous in nature as thz input parameters are chanaed,

vrardomness" >2f ths simulation. I a zufficien* rumb=sz 27

siaula*ion tuns were made Ifor =ach data pcian+, *“he arv=zTage
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of these points woull be expect2d to result in a "smootlher®

curve,

De GENZRATION OF DATA

A total of tw2lve diffarsnt sirulation runs were
rTequired to produce the results presented in +this study.
The physical paramet2rs of +*h: networks and the network
s2nt the most cziticzl and

icadings were selzcta2d %> re

O

C

w
w

interesting aspects of the iatszriactior between “he netvwezk,
and +the routing prot>col in us2. The Heritsch algorithm was
synchronously implemsn<ed orn four retwerks (5/10, 10,20,
15,30 and 20/40) =ni asynchrondusly on tw2 networks (15/20
ard 15/30). The aljyerzithe das  also> syachroncusly
_mpiemernt2d cn =he 1020 2nd 15/30 networks, w_tn <he

networks diviied iat> 2 groups >f S nrodes z2nd 3 gccups 3F

Ul

rocdes respectively, o investigate *he czpacity requic=zi =c
implement the algorithm in a3 mul*iple groug/family ne<waTXk,.
Lastly, the Diikstzz algori+«hm was implemznted or <hs 5/10,
10720, 15/3C and 230/%) networks.

The graphs ¢f£ <the datz ccocn=ained in Apperdix H wera

derived from the dz2t2 obtained £from <hese twelve sinpulasion

turs and acze present2d in two Icoms. Toz fizst group of
“welve graphs illastrates £27 =ach a2-work and =ach
49
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algori<hm, the average delivary delay per packet versus the
loading of the network. The sscend group cf twelve graphs
shows *he packet and update atilizaticn factors versus the
ne+*work loading fecr =2ach algorithm and each netwcrk. The
interprstation of the 3Jata prasented ia tke graphs is

provided in Chapter VI.
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A. RESULTS
1. Comparison of Avecage Dalivery Delay

The average j21livary islay for a packet (Tp), was
computed using Equation (A-12) from Appendix A. This
equa*ion uses the m2asurzd atilization factors for updates
and packets (p. and Pp ) and a specifisi network 1loading
(9) to compute Tp . Although +*he syuation does not
prcvide an absolut:s m2asure of the protocol's performanca i+
s useful in comparing the r=2lative psrformance of the
Djikesxra algorithm td “he Heritsch algorithnm.
Theoretically, I'p shouid in:

2as dramatically as the

(3]
()

retwork loading begins to approach <“he nstwork capaci+ty.
Figure 6.1 illustratas the gza2ral forn of +he =2xpacted
Tp versus g resuits. I'nis 2xpscted rzsul% reflects <he
obvicus conclusion that <he d2livery delay experienced by 2
packet mus* increass without bound when morz packsts 2are
entering the netwerk oer seconi, 2n zhe average, than cia be
delivered by the nastwork in 3 szcond.

From =he simula*tion Z=sil:cs contaired in Apreniix 7,
*+ switchin

i= is «concluded that a pack network empl>vying

n
Q

[(}]

™
D

<he Djikstra aligoritam has Lz2ss averag ielay per packe=
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than an idertical

employs the Heritsch algecrithnm,

n2twork uniasr identical loading which

Fur*her, a netwcrk which

-employs the Djikstra algorithm is capable of accepting a

wider range of network lcading c>nditions before “he average

delivery delay per packet increasss dramatically.

Delay

e . - o — ——

Fig. 6. 1.

Network loading p = 1.0

Expectad Average Delay Per Packet

The simulation resul=-s zsorntained 231 “he first *welve

graphs of Apperdix P present twc measurss ¢f +hs

delay p2r packe<«.

IJne zuzve >n sach graiph rcepresents the

fesuits of Iqua<ion (AiA-12) 1nd *he othsr rsprzse
average actual celay per packsz:z which was comguze
th2 simulztisn as follows.

msasured da*a f£ro

(g

=]

U
[y ]
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M £ (6-1
P B k
where
Hp = the averige 3slay per packet (measured)
t = +the sum time raquired %o transit the
t network of all packets which reach
their £inal 3sstination
k = the total numbzrc o2 packets ¢riginated
Surgng ths IEEN R a1
their final destination.

Equation (6-1)
the avarage delay pecr pa
both 0f£ these methods of
are subject to consiier
following paragraphs.

As moted in Appe
Zrom queusing theory res
fixed Touting and an ex
Since *hie networks under
anéd a £ixed service
ma-hematical analysis f£:-
questionable
pricri+y handling of

service +ine, whiza

provides a much differsnt result E£or
cket thin does Equation (a-12), ard
predicting the protocol performance

able inaccuracy as discussed 1in <the

rndix A, Equation (A-12) was derived
uits which apply to networks wizh 2
po>nential service time distributicn.

study a2ve a dynramic rou=ing scheme
<ransfsr of

time, *he dizszct

cm ons ipplica*iorn <t¢c the c*hzr has
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presen=ed in Appendix A. Finally, some error in the rssults

o: +the equa+ion 1is =2«xpected 1uz to the m=sthod-of measuring
the utilization factors. Sinc2 it was desirable to avoid
ircluding *he transisnt effects of initial netwcrk s*art-up,
the measuresment of tai= utilizatisn factor for each link was
limi+ed to +he last half of th: simulation. Te accomplish

this restrictioer, it was nacessary t> s+tructure <he

simula<ion program s5 *hzat any link which was busy 2t +he

ih

instan< of "half tim=s" was idantified and the fixed value o

0.05 seconds (packet transmission time) was added +o <*he

ct

or the first helf >f the simulacion,

t+h

busy <ime of the lirnk

(=]
ot
'l
a8
[11)
ot
:
(]

This busy time was -anen subtractzd Zrom *hs tc*a

B}
iy
n
s
}=
r
=
m
n

end

3
o
(1]

lirk was busy througaou* *he siaula*tion., T!

a measured utilizaction fac+tor for any onsz 1link which cculd

be on <he crier > J.003 percesn=- smaller than +he zz+tual
value, Despite thasz probabls inaccuraciss, tne results of

agrze with %h: intui+iva nec=izn  +hat <th

1]

EZquation (A-12)

average delay per packet chould 2oxhidbiz a 3-zma<ic irncs

[13]
fv
n
m

w

-
-
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[{H]
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as *he ne“wernk lecaliagy appro “he ne=work canaci-v,
In a ne=work with fixzi cCou<irg the "hreak poin+"®

for the riss In 213y “ime >33 occur at ncdectat2 n2atwork
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and a portion of th2 nodes ara: 2ffectively ‘'cut-off" from
the network. The rational £5r =2mploying 2 dyramic routing
scheme is tha+* saturata2ad 1links are bypassed (wherever
possible) wntil th=2ir utilization factors return o 2 more
normal level. The =2ffect is to postpore the dramatic rise

ir retwork delay until greater network 1loading conditiors

are zxperienced by %12 network. Thus a whole cutset 2f the
netwerk (vice orly 3 few links) must have a utiliza<ion

factor nearly equal t> unity before “he characteristic delay
curve exhibits its pradicted riss.
The ac*ual a2asursment ©of <he average delay per

packet was accomplish2d by accunmula“ing the transi* tims of

=
m
o
(o)
2
14
<
. [N
(o7
.-‘
)
(Y&}
(o o
(o]

2l. messages which reached thsir Jestina+in

<he number 5f messajes whizh c2ached their destination.
This measure does not include 131 method of dztarmining <he
delay near the "hbreak poin<", <since nszir <ha* point <he
number o0f messages Wwhich ara dzlivered Ia =z firnite -=ime
neriod becomes reiatively constaint regardlzss -f <he na3twork
loeding. Thus *hz cesult €ryn <his m2thcd ¢ compu-=in
delay does rnot exhibit “he =stroag non-liazaricy of Zguz-ion

l1izatiosn Zacztors 3qual 4o nnity.

f

(A=-12) in r2gicns n2ar ut

(1Y

Most packa< are not izlivzraed yadser these clrcumsztances, Hu*

-
-

)
(1]
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accumulats in the guaues instasai. If a correct exprassion
of the average delay per packst is to be neasured, it must
account for the futare 1elay which gqusued messages will
incur as *they ultimatz1ly work thsir way cut of the network.
The formulation of a1 expressisa which accurately describes
the shape of the d2lay curve i1 i<s entiraty (including the

la

n
‘ ¥l
<
w

"break pcint") provel an Joal. However, it zan be

b

in<uitively argued zhi%+t +the pscformance >f th:z protocol in
regions n2ar p = 1.0 nust be such that the average d4=lay per
packa2+ is irczeasiagy very 3drcama+tically as <he n2twork

loadirg aperoaches c-lose <> ti12 network capaci«y. This

inTuitive arqument wis varifizl1 by ruaniag the simulazion

Zer a duration oI 3Jreat=r =t2an 180 szconds at n23twork
lozdings which prodiucz24 averags rns=twork uwutlilizazion £fac=zcrs
in excess 2% 0.996 parccent. Jad=2z “hesz condi<icas i: was

fourd =-haz% *he average delay p2: packat did =xhibic +he

¥ote +hat this delayv was

0f +he Dis+“ribu%ed 2cuzing ?ro%tdcol duz Lo <kxe 3dap=ive

razurz of +he pro%dz20l and =4

Ww

(V1)
N
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measurement period. Further, 1 successful mathematical
model for predictingy <the mzasured performance of +he
protocols was not found.

Lastly, the average islivery delay which resul+ting

whern the Heri“«sch algorithm was implem2nted in a *est

ne<work which had the nodss divided into groups was
irves+tigated. Although the avarage delay par packat was

significartly decr=sised usirnyg the groap/family routing
feature of *he Heritsch algorithm, €or the small networks
studied here it was not as 15w as <he average delay per

packet 2xperienced ia a singls group retwork of +he same

size which employed the Djikstra algoritha. It is beliaved
<ha= mor2 sigrificant and favorable results will be achiaved

th

if Iarger netwocks ars uszd in comparing the performance ¢
<he Heritsch algorithm In siagle group versus multlipie
g-oup/family ne+works.

2. Updeting Regquiremsnzs Yzcrsus Jetwork Complexi:zy
Routing Pro“ocols {35 the -squirsm=2a* “o urilize 2 do-tioa cf
+he netwerk's capacity to  suppor« tre updating c=2guiszm2n4s
of <he protocosl. WNatazally, “hs proctoccl enich orcvidzs =he

mos= cptimum routiag and cequirszs the least netweok canzcoi=ny




to operate 1s the mdyst 3desirable. The amoun* of network
capacity required by +the protdcol is determined by the
frequency at which update messages are Jsnerated and the
nunber of nodes by waich sach update must be rasceived.

I+ was determined, duringy *the <course of this szudy
that the network capiacity requirzd by e2ach of “he proctocols
under consideration is a nearly cons*ant value for a 3given
netzwork and did nst 3epend, t> any great extent, 2n <+he
traffic loéding of the network. Tabls 1II contaians the
average update utilization fact>r for +*he deritsch algorithm
(£cr single and multiple group nz*works) and +he Djikstra

aigcrizhm (for singl2 group 23t#2-ks only). No dati was

W

ob+zined for the 4H2-i<sch nstwdrk implemeated on a 5/10 crI

20/40 multiple group network.

TABLE II

Updaze Utiliza-ion Fac*ors

Vezwork Heri=sch a2ri«sch Diikstra
(sing_e qgrsuo) (nultiola gJroups) (single 3Jroup)
5/10 .0uu K% % . 209
10/20 .J285 .223 (2) .019
15/30 .139 L% (3) .J23
22740 .201 kXK .28
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The numbers in parenthesis in Tabls II indicate the

number of groups int> whizh th2 network under consideraticn
was divided and th2 values shown are derived from 12
simulation using a 1n2an of 5.5 packets per message (values
obtained fer a mean of 1).5 packets per message are
iden*ical) . The data irn Tabls II indica+ta2s tha+ it is very
desirable to divils a netwdrk intc groups and families
whenever the Heritsch algorithn is employ=3i since <the same
order cf routing optiaization is zchizved with a significant
reduction in the network capazity requirzd to support <=he
protocol.

A significant result is that <£for small networks the
Djiks%ra algori+hm rzjyuices lass network cazpactiy “han does

“he HBeri+sch algoritam regarilzss of how the network is

x;

structured for <th2 H2ritsch algorithm. hile <his r2sult

[}

may appear startliag given that *he H +sch algorithnm

[T
D]
§o

puzges updates £rom tare n2+work which are 159t resquirsed <o be

r==-ansmitted, it must be <cznsnbered trthat the Heri-zwsch
daZJcci<hm also Cequiszas all M"ipstceam" nao5dss sc pe no+tified

wnenever 2 new pes+ pa<h is 23ispoted or a changpal wvilus is

charngei, This «rczqiizemsnt c31ses <he gsn=2ration £ aany
additional wupda*e n2ssages ths aggr=2gy3ate oI whi. is
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potentially larger than the %5t2l number of update messages
per cycle generatel by tha2 Djikstra algorithm. Despite the
lesser channel <capacity requirzd to implemesnt +“he Djikstra
algorithm i% must be remembersd tkat the algcrithm can only
be implemented syrchronously which may preclude i+s
consideration in som2 applications Also £or large =nough
networks, ths Djikstra algoritam will reguire mors chazael

za*ion than would the Heritsch algorithm fcr a n2cwork

._l.

util
which is partitionad into an appropriate hairarchy of groups

ard families.

3. Synchrorpous Y2rsus Asynchzonou

n
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When the urilization varsus network lcading cuacves

for the asynchronous implamzntaticn 5f <=he Heri*tsch

t=3
el
[S)
w
Q
=1
H
L]
(1
n
(9]
o
ot
)
. y 'y
5]
o
£
tt
[
tH
¢t
o
D

algorithm are comparcr2d witi
syrchroncus implementation of th2 algoricthm, i+ is Zound
that *thera is very 1liztie difference in the shape and

corresponding numerizal valuas 5f£ the respsctive 10/20 and

)

15/30 curves. ihila on

[
g
ot
=
w
i3
({1
7]
=
..J
ct
7]
rh
O
H
¢t
o
[
n
[{}]
o
al
[6)
8}
[}
ot
X
O
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n

aze oresented hers, +hey ar2 <«ypical of =zresults osh=aizned

when a vartiety ¢f differznt n2twork topois>giss werz =a2s=:=4

under Aifiscern+ 1e%*wirCk Lzadings using The ~4C

iaplemen<ations of *h2 Heritsca algorithna, Tt2 cornclasicn
59




synchronously as 2ppd>sed to

~he b23inning

dravn from these results is taat for =a jiven network ard
!
T‘ specified hpdatinq cycle tia2 <there is no significant
advantage in implementing the Haritsch algorithm

asynchronously (or vice versa).

[ This «conclusion has <corsidarabls impact on *the physical
design of a pack2+* switchiangy n=2twork, since i% is no+*
i‘ required to precisely synchronize the adoption of nsw best
[ paths *hroughout th2 newwork in order 4> ob<ain +hs full
! benefits of +«he Hariisch algoscitha. This translates *o0 2
F_
' reduced complexity in the design of +ths packet n=2twork
{ terminal equipment.
[
- 4. Zffects Of Us2r #2ssage Langtihs
‘ il amh D emin e - emEsem e = b e -
3
[ One o2 the 1aitiizl obja2ctives of this study w2s 0
X
de-eraine how <h2 istributis’>a of <he lengths of user
! messages impac+s <thz psrforminc2 of a Distribu*ted Roatin
! Protocol. Since =h2 simula<isy programs are constriuctzl “o
{ op=2rate on a predetaraninad packaz i1ang+*h, *h3 1sngth 25 a
i user massige 13 relat=zd => <h2 2umber of packs%s which azk=e
up *he message. In “he siauiztions, +h2 nuaber cf Ddac<tets
1 in each msssage Is based upon a1 urniformly dis<ributed -2nden
J
variable wi*h *he pazximum 2nd ainixum valuss cf <he variazble
specified a* 2f <he siaulatiorn. The aea:z
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value of the resulting distribution is us23 o control thke
interval be*ween th2 jenera*iosn of user massages. In <his
way the average number of packats per s=2cond entering the
retwork is maintainzd as a coastant for sach =cun of the
simulation, and +th2 m22an namber of pack2ts that are
contained in each message can bz increased arbitr-arcily.

The results of this investigation are plo%tzd on
each of *“he graphs presanted in Appendix F. The graphs
contain the results £>und wnen th:s mean number of packats in
a message was 5.5 ani 10.5, corr2sponding o maxiaum mzssage
lengths of 10 and 20 packs%t, r2a2spectively. No significant

difference in the perfcrmance 5f =sither ths Djlkstrz ot the

n

Heri+«sch prectocols was found 2s 2 result o2£f increasing =*he
leng+h of the user m2ssagss. Y2an packet values of 1, 3.5
ard 7.5 wers 2also iavestiga+2d but arzs ndot presen+<2i here

since <he raesul%s obtained do 1ot differ substan+tially fronm

*hcse mnenticned abova.

B. S3YNOPSIS OF RESULTS

I+ is not piossible &5 <conclude <hat a pacticular

Diztributed Routing 2ro+ozol (Djixstra o7 d2ritsch) 2xhidits
bet-sr sv2rall perf>cmancss caacaceeris+«ics “han  “hs otihsr.

zach algori=<am has 1ivantages 223 disadvaniages whizh nust
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*he performance of ei=her
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relativaly cons“ant. Thus
is not a

-

swi“ching rnecwork.

the contzxt o0f +he NTDS

Djikstra algerizhm is +*he

be conver<ed to a packe=

Oorke While <he zsynchrcnous a2dvaatages >f <ks

ithkm ippoear dzsi-

g amdoua:

Tequirad =o tharcughput, poin=s ¢

a2 miiimum

[y
[
s}
*l
'al
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O
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rmation +the NTDS is

bie £or +his appiizcaticn,
02ing

<h2 adecption ¢f 2 protocsl
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by +he size and complexity of th2 terminal equipment which
is required to maintain a synchronized nesctwork (as compared
to a man-pack versisn of a packet switching network) the
choice of the Djikstra algorithm for NTDS applications is

reasonabla.

24




P

[«

rRBE N aun v

PT——

————
-

The unit

APPENDIK A

AVER AGE DELAY PER PACKET

of measure used in this s*udy tc compare *he

relative performance of routing protocols in a given natwork

is the average

the

relation of

of +he network

presentsd

in

Kleinrock ( Ref.

ore

of

utilization

the

delay per packat (Tp ). The de2rivatioan of
this measure to the link utilization fac*ors
is provided har2 and is based uponrn matescial

Gross E | Harris "Ref. 5]. and
6].

basicz vparametars in queuing theory is <the

"

factor (2) which is defined as *he average

arrival cate of

servics canter

custoner (eg. packets 3ad updates) a2+ a

(=q. link) amultiplied by the averags <ime

required “o servics (2g9. transii%) the customer. In g2neral

“his is expressed as

where

[

= 1x (A-1)
= the average arrival 7Tat= of the cus=omers
= +he avarage tipmz raguized *o service a

a cus=oner




where

3 For an M/M/1 queu2, +*the tzra

. length of a packet in bits) 1aai

(A-2) can then be rawrittan as

Yorecvzr, ZSor d/M/1 systems (i3

vy W - T Y —w =

.

. service =ime per custdoazer is =zxpon

, zxpectel <+ ime a pazket speald

W
O

hettd A i DRty T TR - R p—

- term 1 / uC{, where u repres2nts
F-¢
3 which is representel by 1 bit (i

w
t

tefere servicing bsgias can b2 24pr

or updates respectively. Thus the utilization factor for

2
F‘ packets over the i-th link is expressed as

(2-2)

1 . = the avsrage numbesr 3f vackets per seconi
pi asriving for transmission >ver a

link.

Xpi car bs rsplaced by the
the perc=ntage of a packet:
2 1 /7 u represents th2

Ct is thz number of bits

per seconi which can be ss-vicel by “he i-th link. Equa-<ion

(3-3)

roivin a< an =xponentiaily iistribursd rcate ard <+he

D
0n
n
i
(o7}
W
ut




ey

Lo, / uZ,
w = ---E:—--——--:---
gpi S, -1

(A-4)

and the expected 13elay for the delivery of a packet over a

lirk is

E ¥
H
=
-
1
]
]
]
]

(A-5)

which 1is to say that the =2xpected delivery delay £or a

Q
cr
Ww
{57

packet is the sum of the =xps2

the service queue plus tue tia

w

packe<x.

time <h2 ©packet spant in

requir2l +to service the

+he remaicder 09f the
will pcoovide a faiz

cepresen=ation of thz expacted 3212y +ias for a vackat wnen

<he servica *ims per packzat is fixed insteal of
protabilistic in its aa%ursa, iowevsr, sincs *Wo types of
nessages (uodates 203 packats with diffzrent fixed =z2rvice

=he linx o gservica packets is red

ol
=
[1)]
'_‘
s
3
>
}o
n
o
=
mn
~
]
14
[}
<
.J
[#]
)
=)
Q
[
o
(o1
W
ot

jus o %he loss of available packa+

inmes ar=s aliowed t©o> enta2r 3 link,

c2d by the amount of =ime

S. Thus Egua%ion (a-4)
<h=2 3ystem perc<uarcba=~ion

servicz tine.
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Consider the casa where «xy; is the time requirzd to
service an update mazssag2 and t. is the interval betwveen
“he arrival of uplate messagss at <the i-th 1link. The
arrival rate of updites at ths link (l,{) 4is -equal <o
(1 / %ui)e Using Ejuation (A-2), modified to reflect its
application to updats message, +he utilization factor €or

upde“2s becoazs
p = _—--w - - (A-G)
The fundamental iInterpratation of the term uC( in

Zgua+ion (A-4) is tae maxiaun average aumber of packets

wnich can b2 <ransmi=tel pe- 3=zcond ovsr <he i-%h 1ligk.

orly a fraction ( (Twi = X, V7 =o.) ot the <imz is

available for packsts, howevsr, when upiates must also be

- R
<ransmi<T

w

d. Accordiagly, we nist -educe 1T, by zhe facwor

1 = ====ce- = 1 - (1-7)

a! = a0 (1 -3 ) (A-9)
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Replacing u with a' in Equation (A-4), a new expra2ssion

for Wpi (Equation (a-5)) is obtained

pi ui 1
W | = | =seccccomtmcecaooatoa- ¢ ===e (1-9)
pi . (1-p ) -1 uc .
i ui pi i
From Kleinrock, _ Ref. 6]. the average packet Adelay

(TP ) £or a ne*work of service centers is expressed as

1 :
T = S & S _ (A-10)
P : g pi

where
g = averay2 total number ¢f packets
par sacond 2atering *he
a3-work
kK = numb=sr of links in the ne=work
Substituting Egquation (A-3) into equation (a-10) <the

expression for average ieliy tiae for 3 packet in +he

network heccmes

oLl al, (1 - o z
1S et 7S 0 e s
T = e==  » | eeteetceemceiceceeoalo.. + === (A=11)
D g <L— uCc (v - o ) - 1 uc i
i =1 i al pL =




e

[

ey

1 pi ui
T = .= E ---------------- + p . (A=12)
P g 1-p. ~P_. P

i=1 ui pi

(X

Equation (A-12) represents a method of relating <the
network capacity which is utiliz=d by a routing prctocol and

«he traffic loading 1level of the network to the average

1]

packet d2lay. For the simula:ion work presented in <his
study the utilization factors (p,, arnd PPL’ were measured
irectly and the n2twork lcading (g) was an input parameter
0o the simulaticn.

The rezader shoull #cte that Equa%ion (A-12) is valigi

ornly fer comparing th=s perforaaace of protccols and not for

ca.culazion of the actual pesrfo-mance of a protocol.
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NET WORK CONFISURATIONS

Fig. B.1. The 5710 Network

/N

Fig. B.2. Th2 13/20 Network
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ABBENDIX D

LISTING OF ARRAYS USED IN THE SIMULATION PROGRANS

Arrays commcn +o all prograas:

1 - dimensional arrays

FAM.OP.GRP (no.of rodss ¢ %roups
1st -- program ID 5f the 1i-

HISTOGRAH (13) o s
-= n10. 2f links
factor =

,¥With utilizaticen
i/10

PK;.QU DISTR (1000) ) )
1st -=- numb2r of times packet qusue size

JP.QU.DISTR (1000) . o _
1st =-- aumber >f times update Jueue size

CLCCK.DATA (10 * no.2f nodes, 2)
ist --"numbar 5f 12ps = N
2rd -- 1 = net =ingd for 2ll packe*s hoppi
¥ a>sdss . .
2 = high2ast individual <cip tia2
a2 ¥ hop packet
125
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Ty

HOP.CQUNT (1) * no.of addes, 2)
1st -~ number of aops = N
2nd -~ 1 = 15t us24 .
2 = no.of packets hopping ¥ nodes

LINK.ABLE (n
1st --
2nd --

PKT.SMP.SET
1st --

( be sampled, 2)
S be

2nd -- 1
2

TRACER (estimate of thz maximum number of
messages, 2)

1s%t -- message nunbsr
2rd -- 1 = namber 2f packets in *he messag:
= pumber 5f packe+«s 5f the messajs
Which reach their destinasicrn
UP.3MP.SET (selected links to be sampled, 2)
1st -- sample link ID number
2nd -- 1 = tfrom' n5de ID
2 = 'to' ndis ID
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3 - dimensional arrays

BEST. PATH (no.of nodas + groups, nd2.0f nodass

ro
1st == 'from9 =, group ot famll¥ ID
2nd -- 'to! node, roug or faml y ID

3rd -- 1 = curraat "best path neighbor
2 = channel value through " the current
best path peighbor
3 = best oa‘h ne ghbof to be adopt=
juricg nex* ugda te cXc €
4 = chanazal value to

at
asighbor which Hllg be adopted
Juring next update cycle

LI NK. FONITOR 12 ¥ no.o E links, 2 * no.of links, 6)
-= "vfrom' n>3s ID

2nd -- vto' nod2 ID

3rd -- 1 = link status (ldle/busyL
2 = currsat packet qusue O 12
3 = max packat _gqueue thaus fa*
4 = currant updiate quzuae of link
5 = nax uplats gueue thus far
5 = 20+ of packéts in §ueu9 at th2

sinalation hal

NEIGHBOR.LIST (no. of 22des, max links per nodz2, 23)
1st == i-%th nods ID
2nd -- ID number >f link
zd -- 1 neighbsr node ID
link sta*us (idlz/busy) L
chann2l value £-on node <o nelghbor

2
3

127
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4 -~ dimensional acray

LINK.TIMER (2, %'* no. 92f links, 2 * no. of links,

1st -- 1 = packst

2 = update
2nd -- sending aoia ID
3rd -- receiving node ID

4th -~ = start time for busy_lipk
2 = stop timg for busy link
3 = cumpulative time link is busy
% = cummulative *ime link busy up to
sisulation half

Additicnal arrays for Djiksta algorithm:

2 - dimensional arrays

-y - R - - - - - -

ADDRESS.LIST (nc, of n2dss, no. of nodes)
1st -- serding noiz rf

2rd -- lestina*isa node ID

ADD.RESS.LIST (rp. of 1>des, no. 5f nodes)
1st -- sending nois ID
2nd -=- ies+«inatios>a node ID

-

DJIKSTRA.MATRIX (rv.>f nodes, no. of rncizs)
st -~ s2rding nd>3i=2 ID
2nd -~ lestina%“ior node ID
PATH.AVAIL (no. _of n24d:s, nro.cf nsdes)
1st -- serndiag 532 ID
2nd -- des+tinatiocsl node ID
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APPENDIX E

SAMPLE INPUT AND OJUTPUT DATrA

node., factor
- a.no0ie

1 - transmi*t.p2rceant( )
1 - receive.percent( )
1 gToup ()
} - family ()
- 1p.date,percisd
- procsssing.time
- Ekt.xmg.tzne
- time.limit
- window ( for chanrnel value )
- in.group - in.family
- prnt |
- smp.links - no.of.samples
- links,
- max.links.psr.node . .
- aode no. - n2de no. (defines link ends)
129
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